Objective To investigate sources of variability in serial echocardiographic recordings in a core laboratory we assessed the impact of repeated echo recordings, repeated video measurements and measurements made by different investigators.
Introduction
Two-dimensional echocardiography has been widely used in clinical trials because it allows repeated noninvasive tomographic imaging of the heart without exposure to ionizing radiation. In a number of clinical trials the use of a core echo laboratory has been advocated to which different investigator sites send all echo videotapes' 1 " 5 '. The core laboratory serves two major functions: to maintain quality control of twodimensional echo recordings and to minimize the variability in echocardiographic measurements 11 ' 45 '. However, there is little information regarding the accuRevision submitted 26 March 1996, and accepted 28 March 1996.
Correspondence: Dr Jan Erik Otterstad, MD, FESC, Division of Cardiology, Vestfold Central Hospital, N-3100 Toensberg, Norway. racy or reproducibility of repeated echocardiographic measurements of left ventricular size and function in post-infarction patients in whom such measurements may be confounded by the presence of left ventricular wall motion abnormalities.
The purpose of the present prospective study was to assess the accuracy and reproducibility of biplane two-dimensional measurements of left ventricular volumes, ejection fraction, cavity shape and myocardial mass. In addition, we evaluated the impact upon these measurements of three factors: repeated twodimensional echo recordings made at examinations with a significant time interval between them, repeated measurements made from the same video recordings, and the intra-observer and inter-observer variability within the echo core laboratory in normal subjects and post-infarction patients with regional wall motion abnormalities.
Study population and methods
The study population was divided into two groups. Group 1 consisted of 12 healthy volunteers employed full-time as anaesthesiologists in our hospital of whom 11 were male and 1 was female and whose ages ranged from 30 to 57 (mean 43) years. All underwent a nearmaximal bicycle ergometer test, without any symptoms or electrocardiographic evidence of myocardial ischaemia. Their exercise capacity was normal and comparable to a previous study in healthy individuals' 61 .
Group 2 consisted of 12 patients all of whom were male, who ranged in age from 52 to 73 (mean 65) years and who were recruited consecutively from our outpatient clinic. All had sustained a transmural acute myocardial infarction more than one year previously, but were clinically stable, in sinus rhythm, not in congestive heart failure and whose medications did not change throughout the study period. No patient was excluded on account of a technically unsatisfactory two-dimensional echocardiogram.
Two investigators, both experienced echocardiographers (J.E.O. and G.F.), each obtained twodimensional echos in 12 subjects, six in Group 1 and six in Group 2, i.e. 24 subjects in total. All subjects had three echocardiograms obtained at weekly intervals. Each two-dimensional echo required a left parasternal view of the short axis of the left ventricle at the mid-papillary muscle level; apical four-chamber and apical long axis views were all obtained during breathheld expiration. Two-dimensional echo recordings were acquired for at least 1 min in each view, while electrocardiograms were recorded simultaneously on super VHS videotape using a Hewlett Packard (HP) Sonos 1500 and commercially available analysis software. All video recordings were reexamined twice by both investigators, with an interval of over a week between the two examinations. Thus, each investigator performed three repeated two-dimensional echo recordings, and accordingly 12 repeated video measurements per subject were studied. All two-dimensional echos were obtained with the subject in the left lateral recumbent position. The intercostal space and the distance of the transducer footprint from the mid sternum was noted at baseline and used as a reference for repeated video recordings.
Left ventricular volumes and ejection fraction
The endocardial surfaces of the apical four-chamber and apical long axis echocardiographic images were digitized at end-diastole and end-systole from a minimum of three cardiac cycles in breath-held expiration to obtain left ventricular areas. End-diastolic areas were digitized from apical biplane echo images coincident with the beginning of the Q-wave on the electrocardiogram. End-systolic areas were digitized from video frames near the end of the T-wave with the maximum inward motion of the left ventricular walls. An example of endocardial tracings in the apical four-chamber view is shown in Fig. 1 (top: end-diastole; bottom: end-systole). Figure 2 presents an example of such tracings in the apical long axis view (top: end-diastole; bottom: end-systole). While digitizing the endocardial borders, minor irregularities due to decreased integrity of the left ventricular endocardium were interpolated by reviewing the previous and subsequent echo frames in real-time, in slow motion, or in single frame advance mode. The papillary muscles were excluded from the endocardial tracings and regarded as left ventricular cavity similar to quantitative angiography. The lengths of the long axis of the left ventricular cavity were measured from the apex to the mid-point of the mitral plane in both apical views ( Figs  1 and 2 ), in order to minimize foreshortening of the cavity. Left ventricular volumes were calculated at enddiastole and end-systole on HP Sonos 1500 software using the modified Simpson's rule from biplane paired echocardiographic apical images in the four-chamber and long axis views, as recommended by the American Society of Echocardiography' 71 . Mean values for enddiastolic and end-systolic volumes were calculated from the three cardiac cycles analysed. In order to optimize repeated echo recordings and repeated video measurement, each investigator had access to 'stop-frames' of the endocardial tracings at end-diastole and end-systole from baseline recordings. Left ventricular ejection fraction was derived from the biplane volumes as the difference between end-diastolic and end-systolic volumes expressed as a percentage of end-diastolic volume.
Left ventricular mass
To calculate left ventricular mass (LVM), the endocardial and epicardial boundaries of the left ventricular short axis images from the left parasternal region were digitized at end-diastole to obtain endocardial (cavity) area -Aend and epicardial (total) area -Aepi (Fig. 3) . The apical epicardial and endocardial left ventricular long axis length (Lepi and Lend) were measured in the apical four-chamber view ( Fig. 1 (top) ) and left ventricular mass was calculated using the 5/6 (area x length) method previously described 
Left ventricular cavity shape
Left ventricular cavity shape was defined in terms of a spherity index (SI), and calculated as the ratio of enddiastolic short axis area (EDASa) and the mean long axis cavity area (EDAav) from the two apical views: SI = EDASa/EDAav A spherity index (SI) of unity represents a sphere.
Statistical methods
The accuracy of repeated video measurement and repeated echo recordings were first assessed by calculating percentage deviation of means from baseline to each repeated video measurement per echo recording and per investigator. A three-way factorial (repeated) measurements design analysis of variance (ANOVA) was performed to determine whether any interaction was present between the factors: repeated video measurements, repeated echo recordings and observer, and if not, did any of these factors show a systematic variation with the relevant variable to be analysed. A check of interaction with patient type (sustained acute myocardial infarction or not) was also performed.
Reproducibility was assessed from the three-way ANOVA model using estimates of within-subject variance components for each factor. Coefficients of variance were used as statistics to estimate reproducibility. The total variability (standard deviation) within subjects Eur Heart J, Vol. 18, March 1997 for each variable was calculated as the square root of the sum of the within-subjects' variance components across the three factors. This standard deviation was used to calculate the least detectable individual increase/decrease (whichever is appropriate) in a variable by multiplying it with 1-28, corresponding to an upper 10% one-sided error of classification. Also, this standard deviation would be used in sample size calculations in clinical trials to compare treatment group changes in such dimensions. Table 1 shows baseline average values for the five echocardiographic measurements analysed. Left ventricular volume at end-diastole and end-systole were increased and ejection fraction decreased in post-acute myocardial infarction patients compared to healthy controls. The variability was large for all echocardiographic measurements with widely overlapping distributions of the two populations. There was no substantial deviation from a normal distribution.
Results
Deviations from baseline echo recordings and their repeated video measurements ranged between -5% and + 5%, when evaluated across echo recordings and both investigators. The greatest variability occurred for measurements of left ventricular mass and ejection fraction.
In order to determine whether these deviations varied systematically with any of the three factors; repeated video measurements, repeated echo recordings or investigator, a three-way factorial ANOVA was employed and Table 2 shows the test results of main effects per variable and factor. There was a systematic difference between the two investigators in their measurements of left ventricular end-diastolic volume and left ventricular ejection fraction (/ ) <001). For left ventricular end-diastolic volume this was due to a difference of almost 6 ml (3-0-3-5%). Differences between repeated echo recordings were small and not statistically significant. Repeated video measurements were not systematically different and no interactions were demonstrable between these three factors.
The three-way ANOVA was used to assess reproducibility ( Table 3 ). The coefficients of variations are broken down according to the three within-subject factors, and show that for all variables the greatest contributor to the variation was the different echo recording. Investigator reproducibility ranged from 3-9%, repeated video measurements from 3-6% and repeated echo recordings from 7-19%.
The reproducibility was slightly better in Group 1, i.e. subjects without regional wall motion abnormalities, but the differences compared with Group 2 were not significant.
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Table 3 Coefficients of variation (%) from model-based three-way repeated ANOVA calculations of within-subject variability according to the three factors: investigator, repeated echo recording (RER) and repeated video measurement (RVM)
Individual increases or decreases in the echocardiographic measurements over time should not be regarded as clinically significant unless they exceed the 90% one-sided percentage point in the normal distribution, with a standard deviation equal to the total withinsubject standard deviation calculated from the ANOVA table, i.e. 1 -28 x SD. This means that the least significant detectable increase/decrease will lie in the range of 16-28% for the five variables studied (Table 4) , with 16-3% for left ventricular end-diastolic volume, 200% for left ventricular end-systolic volume and 181% for left ventricular ejection fraction. These percentages could then be used as individual cut-off limits to define a clinically significant increase/decrease in any of these echocardiographic measurements. Sometimes it is necessary to detect both a decrease and an increase, so a two-sided approach may be desirable. In these cases the upper 5 percentage points in the normal distribution may be more appropriate. If so, then 1 -65 x SD should replace 1-28 x SD.
This within-patient standard deviation may also be used to find the smallest average change necessary to obtain a predefined statistical power for a given sample size in a clinical trial. Table 5 gives an example of a Method: a=j2 x SD; a=005 (two-sided). SD = within-patient total standard deviation from three way repeated ANOVA. Abbreviations as in Table 1. 500-patient or a 1000-patient randomized trial with half the patients allocated to a treatment and half to a placebo group. The table shows that the net difference in the average changes of left ventricular end-diastolic volume has to be about 6 ml to have 80% power with a sample size of 500 patients per group. A similar difference for left ventricular ejection fraction would have to be 11%.
Discussion
The accuracy of left ventricular volumes and function with two-dimensional echocardiography in the present study was reflected by minor deviations of measurement by both investigators (Table 2 ). In an echocardiographic core laboratory in a multi-centre study, at least two examiners should be operative in order to ensure quality control and immediate response to all videotapes referred from investigator sites. Although there was close agreement between the two investigators for most of the echocardiographic measurements, significant differences were noted in left ventricular end-diastolic volumes and left ventricular ejection fractions. Before initiation of this study, consensus was reached regarding the principal guidelines on how to identify and digitize the left ventricular endocardium. The left ventricular apex was regarded as dome-shaped, and the endocardium identified by important internal landmarks, such as the insertions of mitral valve and papillary muscles.
The major component of the random variation in left ventricular volumes and function was repeated echo recordings. By contrast, repeated video measurements and inter-observer variability did not have such an important impact. Small differences in angulation and placement of the transducer during serial echo recordings may influence measurements of left ventricular dimensions. To reduce this effect, still video frames from the baseline recordings were used for optimal reconstruction of left ventricular long and short axes. A relatively high gain setting was used to obtain good endocardial echoes. To further improve reproducibility of serial examinations, still frames of baseline endocardial tracings were used during repeated examinations, but numerical values were not available. This use of baseline stop-frame images and endocardial outlines did, however, eliminate true 'blinding' of the measurements.
In addition to methodological pitfalls, biological factors may cause variations in left ventricular dimensions and function. Thus, loading conditions may differ due to several factors including variations in intravascular volume, adrenergic drive, or in the post-absorptional state after a meal. Biological factors may account for as much as 50% of the total variability encountered in repeated echo examinations (R. B. Devereux, personal communication). The findings in the present study confirm that a substantial component of the total variability observed may be related to biological factors, since the combined variability of repeated video measurements and more than one investigator was only 40% of the variability related to repeated echo recordings (Table 4) . However, the study did not address to what extent biological factors are responsible for the variability in repeated echo recordings.
Hitherto, most studies on the reproducibility of two-dimensional echo measurements have not incorporated the influence of repeated echo recordings. In the echo substudy of SAVE [I] , 50 video recordings were reexamined three times by the same investigator, with standard deviations of 3-5% for diastolic cavity area and 2-9% for systolic cavity area. These findings are similar to those in the present study as regards repeated video measurements of left ventricular end-diastolic and left ventricular end-systolic volumes (Table 4) . Senior et alP ] reexamined video recordings and evaluated interobserver variability in post-acute myocardial infarction patients, and found similar reproducibility for repeated video measurement and investigator, but did not incorporate repeated echo recordings in their study. However, these studies' 191 used video recordings from post-acute myocardial infarction patients. Gordon et al. [io] performed repeated echo recordings at 2-4 day intervals and found lower standard deviations for left ventricular volumes and ejection fraction when compared to the present study. These studies are not strictly comparable, however, because Gordon et a/.
[10 ' used a single plane four-chamber view for left ventricular volume calculations according to the area-length method of Sandier and Dodge 1 "'. According to Albin and Rakho' 12 ', apical biplane images using Simpson's rule, as used in the present study, is the most accurate of various formulae tested against radionuclide left ventricular volume and ejection fraction measurements.
The reproducibility data obtained in an established core laboratory with two experienced investigators may not represent the average standard at each of the investigator sites participating in a multicentre study. Not all investigators will be experienced echocardiographers, and the quality of the echo equipment at some sites may differ from that of the core laboratory. Thus, the overall variability in a multicentre study may be greater than that observed in a core laboratory. On the other hand, the subjects in the present study were not selected in any way, but were recruited consecutively from the anaesthesiology department and outpatient clinic, respectively. In the echo substudy of SAVE only 66% of baseline video studies were accepted for analysis 1 ' 1 . In the DEFIANT-I and -II trials, a prerequisite for inclusion was that patients were 'echogenic' [4 ' 5] . Thus, inclusion bias in multicentre studies may tend to counteract the possible negative influence on variability related to different investigators and echocardiographic equipment.
In many clinical studies, changes in indices of a disease are used to classify patients into groups according to progression/no progression or regression/no regression of the disease index. To avoid classification errors, changes have to exceed certain cut-off limits to allow for random variation. Thus, it is essential to identify the sources of individual random variation involved, estimate their magnitude singly and combined, and use the estimate of total within-patient variability in order to define the cut-off points for individual changes above or below which disease progression/regression has occurred. Usually, upper fractions of the normal distribution are used for this purpose, i.e. 1-28 or 1-64 (Z-values) times the global standard deviation of change, including all sources of variation. This corresponds to an upper 10% or 5% classification error rate respectively.
In conclusion, serial measurements of left ventricular volumes, mass, shape and function by biplane two-dimensional echocardiography are accurate and fairly reproducible. The major component of variability is related to repeated echo examinations and not so much to repeated measurements on a videotape from the same echo recording, or to measurements made by different investigators. The present study indicates that both methodological and biological factors are responsible for the variability of serial echo measurements, but these are small. In assessing clinical limits for individual changes in left ventricular volume and function and calculating statistical power for detecting differences in two patient groups followed over time, all three factors: repeated echo examinations, repeated video measurements of the same echo examination and different investigators must be taken into account.
